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The long-term increases in average temperature and intensification of droughts which characterise the current state of the Earth’s cli-
mate system have a negative impact on forest ecosystems and can lead to a decrease in their area and deterioration of the living conditions of 
their components. In the conditions of the Ukrainian Steppe an important environmental, antierosion, water-protective and soil-protective 
role belongs to the ravine forests. The most valuable component of the ravine forests is presented by natural populations of common oak 
(Quercus robur L.), which are able to tolerate the arid climate typical of the steppe region. But with global warming, the endurance of this 
species is changing. It is believed that a significant role in plant adaptation to drought and high temperatures may belong to non-structural 
carbohydrates. Therefore, it is important to study changes in the concentration of these substances in the leaves of this leading species under 
the action of adverse hydrothermal conditions. The article analyzes the content and dynamics of soluble sugars (glucose, fructose, sucrose) 
and starch in the leaves of Quercus robur L. under different forest growth conditions of the ravine forest (hygromesophilic (CL2–3), meso-
xerophilic (CL1) and xerophilic (CL0)). The research was conducted in the forest in the Viyskove area (steppe zone of Ukraine) in the thal-
weg and at different levels of slope of southern exposure. Content of glucose, fructose, sugar and starch in Quercus robur leaves was deter-
mined. It was found that when exposed to high temperatures and increasing water stress during the vegetation period in xerophilic (CL0–1) and 
mesoxerophilic (CL1) forest growth conditions, the concentration of both glucose and sucrose in the leaves of Q. robur increases and it 
becomes much higher than in conditions of more optimal water supply. At the same time, the disaccharide content increases more signifi-
cantly than that of monosaccharide. The greatest amount of these sugars is observed in the driest months (July, August), when conditions for 
providing plants with water are the most stressful. When water stress grows the increase in concentration of glucose and sucrose is correlated 
with reduction of starch content. It has been found that the concentration of fructose in Q. robur leaves in droughty conditions of growing 
was comparable to more favourable conditions of moisture. In September, there is a decline in the content of all forms of non-structural 
carbohydrates in the leaves of plants of all variants compared to the previous month, especially in conditions of adverse water supply. There-
fore, forest growth conditions do not affect the nature of the dynamics of soluble sugars and starch in the leaves of Q. robur, although they 
change their quantitative indicators. Based on the protective function of sugars under the action of stressors on plants, we can assume that in 
conditions of significant lack of moisture in the soil their accumulation in the leaves in areas with mesoxerophilic and xerophilic hygrotopes 
plays an important role in increasing Q. robur drought resistance.  

Keywords: ravine forests; oak; forest growth conditions; unfavourable hydrothermal conditions; non-structural carbohydrates.  

Introduction  
 

Global warming is changing forest ecosystems around the world 
(Vieira et al., 2018), especially in steppe landscapes where tree communi-
ties are in unfavourable hydrothermal conditions (Netsvetova et al., 2021). 
Forests are important ecosystems that have a positive impact on the envi-
ronment, and thus on the quality of human life (Barana et al., 2020). In the 
steppe of Ukraine, the tasks of improving the environment are especially 
topical for ravine forests.  

Ravine forests are unique natural communities that are characterized 
by structural complexity, biological and ecological stability and belong to 
the introzonal type of vegetation (Belgard, 1971; Gensiruk, 2002; Hrivnák 
et al., 2019). Groves represented by natural populations of common oak 
(Quercus robur L.) are an important component of many of them. It is the 
most valuable forest species in steppe forest science. The value of 
Q. robur stands is due to their high marketability and ability to tolerate arid 
climates (Wallraf & Wagner, 2019). Turchin (2007) notes that among tree 
species oak groves have no equal especially in the steppe zone where their 
anti-erosion, water protection, environmental and soil protective role is 
extremely important. The recreational value of oak groves is also great. 

The necessity of regional researches is noted,which is caused by specifici-
ty of manifestation of biological features of Q. robur in specific ecological 
conditions.  

Ravine forests have quite diverse microclimatic conditions (Netsve-
tova et al., 2021). Ravines are places where atmospheric water flows from 
the surrounding watershed areas. It is the thalweg that receives significant 
moisture due to rain and snow water. Bottoms of ravines have more fa-
vourable conditions of humidification also because here the groundwater 
is close to the surface. Up the slope deterioration of forest growth condi-
tions is observed due to increasing dryness and greater soil erosion (Bel-
gard, 1971; Tsvetkova, 2013). This is especially true for slopes of southern 
exposure, which is characterized by sharply expressed continentality. This 
significantly changes plant growth conditions. The deterioration of hydro-
thermal conditions has been particularly noticeable in recent years due to 
climate warming (Morgun et al., 2010).  

Researching effects caused by adverse factors (first of all drought and 
high temperatures) on plants is one of the priority directions of ecology 
and physiology of plant organisms (Sauter & Kloth, 1987; Vierling & 
Kimpelb, 1992; Sauter & Cleve, 1995; Wang et al., 2003). The leading 
role in the processes of growth and survival of woody plants in their adap-
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tation to unfavourable influences of the surrounding environment belongs 
to non-structural carbohydrates (NSC – soluble sugars and starch) (Kra-
mer et al., 1983; Furze et al., 2019). Study of changes in their content and 
dynamics in plant organs is necessary for predicting survival of plant 
organisms in adverse hydrothermal conditions (Sala et al., 2012; Kaplina 
& Kulakov, 2015), as well as their productivity. Storage of NSC reserves 
also allows plants to survive seasonal periods of photosynthetic inactivity 
(dormancy) (Davidson et al., 2021).  

Analysis of changes in the quantitative indicators of non-structural 
carbohydrates in the organs of Q. robur under various growth conditions 
is given considerable attention. Thus, during drought their content was 
determined in branches (Sala et al., 2012), in sapwood, wood of thin 
branches and roots in an alkaline oak grove (Kaplina & Kulakova, 2015), 
in conditions of traffic pollution in branches and leaves (Kulakova et al., 
2017), in conditions of deteriorating living conditions (Martinez-Trinidad, 
2010).  

Great attention is also paid to studying dynamics of content of non-
structural carbohydrates in organs of other species of oak. Analysis of 
seasonal changes of these compounds was carried out in the sapwood of 
branches and leaves Q. petraea in Switzerland (Hock et al., 2003). Distri-
bution of nonstructural carbohydrates in durmast oak organs was studied 
in four key phenological stages  (Barthes et al., 2013). In France, the car-
bohydrate reserve in the thin branches and roots of mature trees of two 
contrasting widespread species – of beech (Fagus sylvatica) and durmast 
oak (Q. sessiliiflora) (Barboroux et al., 2003) and the sapwood of the latter 

(El Zein, 2011) has been investigated. Phenological and temperature 
regulation of the dynamics of nonstructural carbohydrates in Q. rubra was 
considered by Gough et al. (2010). Influence of groundwater availability 
on the dynamics of radial growth and NSC fluctuations in Q. pubescens in 
the sub-Mediterranean region was analyzed (Gricar et al., 2019). In this 
species, the role of NSC in the regrowth of trees after pruning was estab-
lished, and the NSC pool was restored to a greater extent than growth 
(Palacio et al., 2020).  

The purpose of this research is to analyze contents and dynamics of 
the NSC in Q. robur leaves in various ravine forest growth conditions 
differing in the soil moisture.  
 
Materials and methods  
 

The research areas are located in the ravine forest of the Viyskove 
area (the length along the narrower part is 48º11′08″ N, 35º07′45″ E: 
48º10′41″ N, 35º10′12″ E) in Dnepropetrovsk region (the Steppe zone of 
Ukraine) in various forest growth conditions (Fig. 1). The first area is 
located in the thalweg (hygromesophilic growth conditions, CL2–3). 
The second area is located in the middle part and the third – in the upper 
part of the slope of the southern exposure. Their forest growth conditions 
are mesoxerophilic, dry, CL1 and dry xerophilic CL0–1, respectively. Hu-
midification in the thalweg is soil-based and atmospheric-based humidifi-
cation, and on the slopes of the ravine – it is atmospheric transit (Belgard, 
1971; Tsvetkova, 2013).  

 

  
Fig. 1. Map of the Viyskove area, Ukraine, Dnipropetrovsk region  

Samples of leaves were selected from 5 model trees (25-30 year-old 
trees) from the south-eastern side at the height of 2.5 m, from 10 branches 
of the same branching order on each tree. The second and third leaves 
from the base of annual shoots were used. Determination of soluble sugars 
was carried out by the iodometric method, and starch was determined 
colometrically (Pochinok, 1971) in four repetitions.  

Humidity and temperature were determined using an electronic ther-
mometer hygrometer Flus ET-951 (China). Average agrometeorological 
indicators on the territory of the research areas are presented for 2019. 
(Table1).  

Table 1  
Average agrometeorological indicators during the period of research 

Agrometeorological indicators May June July August September 
Average air temperature, ○С +23.5 +30.8 +27.6 +27.1 +22.1 
Maximum air temperature, ○С +30 +35 +33 +34 +32 
Temperature on the day of sampling, ○С +29 +35 +32 +31 +21 
Precipitation, mm 23 57 30 20 23 
Minimum humidity of air, % 51 38 25 44 60 
Maximum soil surface temperature, ○С 37.2 50.8 61.0 58.4 55.1 
Note: the data were partially obtained from the archives of the meteorological station 
near Viyskove village (https://rp5.ua).  

Soil samples were selected at depth of 10 and 40 cm, soil moisture 
was determined by thermogravimetric method (DSTU ISO 11465: 2001) 
and measurements were made in triplicate (Kucerik et al., 2013).  

Table 2  
Soil moisture in the research areas of the ravine forest  
in the Viyskove area (% of absolutely dry mass)  

Month Depth, cm Thalweg СL2-3 
Middle part  

of the slope СL1 
Upper part  

of the slope СL0–1 

May 10 20.11 ± 0.18a 17.13 ± 0.15b 17.05 ± 0.16b 
40 25.39 ± 0.21a 20.38 ± 0.23b 21.12 ± 0.23b 

June 10 22.42 ± 0.29a 15.31 ± 0.17b 12.08 ± 0.14b 
40 23.50 ± 0.33a 18.79 ± 0.19b 17.14 ± 0.20c 

July 10 18.36 ± 0.12a 10.13 ± 0.16b   9.26 ± 0.13b 
40 21.63 ± 0.28a 13.77 ± 0.18b 11.51 ± 0.15c 

August 10 13.43 ± 0.13a   7.28 ± 0.15b   5.72 ± 0.12c 
40 19.65 ± 0.17a 12.69 ± 0.17b   8.31 ± 0.16c 

September 10 14.71 ± 0.18a   8.18 ± 0.16b   6.10 ± 0.11c 
40 18.74 ± 0.21a 10.22 ± 0.11b   9.85 ± 0.17b 

Note: significant difference between groups is indicated in lines with different letters; 
statistical analysis was performed by one-way ANOVA with several comparisons 
using Tukey testing.  

As can be seen from Table 2, in June the moisture content in the soil 
of the upper part of the slope (CL0–1) at the depth of 10 cm was much 
lower than in areas in the middle and lower parts of the slope. At the depth 
of 40 cm the soil remains more moisturized just like the soil of the middle 
part of the slope. In July, the quantitative indicators of water content in the 
soil of all areas were reduced, especially in mesoxeromorphic and xero-
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morphic forest growth conditions. In August, soil moisture at the depth of 
10 cm became even lower in all research areas, but the lowest level was 
registered on the top of the slope. During the first autumn month water 
content in the soil in the research areas remained almost the same as in 
August. Thus, plants in the middle part and especially the upper parts of 
the slope are influenced by a significant soil drought combined with air 
drought and action of high temperatures (Tables 1, 2).  

The standard IBM SPSS Statistics 22 (IBM, USA, 2013) software 
package was used for data analysis. Data are presented as the mean value 
with standard error (x ± SE). The value of P  ˂0.05 was considered statis-
tically significant. The Tukey criterion of honestly significant difference of 
group mean values was applied (with Bonferroni correction).  
 
Results  
 

Dynamics of changes in glucose content in the leaves of Q. robur 
during the vegetation period in various forest growth conditions are similar 
(Fig. 2a). In May and June, the figure for this monosugar was the lowest. 
This may be due to its use for the growth of shoots. Slowed growth during 
the vegetation period and changes in the hydrothermal regime (Table 2) 
led to an increase in glucose content in the leaves of Q. robur in all re-
search areas in July, its maximum level was observed in August. In Sep-
tember, a drop in concentration of this form of sugar was observed in 

leaves of plants of all variants. This is probably due to the autumn outflow 
of the monosaccharide into the shoots which is typical or the first phase of 
hardening of woody plants. Thus, the dynamics of changes in the amount 
of glucose in the leaves of Q. robur, which grows in different forest 
growth conditions (CL2–3, CL1 and CL0–1), are similar. However, the plant 
growing conditions affect the amount of this reducing sugar.  

At the beginning of the vegetation period the highest content of mo-
nosaccharide was found in the leaves of thalweg plants (hygromesophilic 
conditions CL2–3, Fig. 2a). But in July glucose concentration in these or-
gans in mesoxerophilic (CL1) and, especially, xerophilic (CL0–1) condi-
tions of the ravine forest became higher than in hygromesophilic condi-
tions (CL2–3) by 30.7% and 47.5%, respectively. At a later stage, as the air 
and soil drought intensified, there was an increase in the concentration of 
monosaccharide in the leaves compared to plants that grew under condi-
tions of better water supply. Thus, in August the difference in its content in 
CL1 and CL0–1 areas was 42.1% and 61.8% respectively compared to the 
CL2–3 variant. However, in September, against the background of the 
ongoing drought, the concentration of glucose in the leaves of Q. robur in 
arid growth conditions (CL1 and CL0–1) became slightly lower than in 
plants growing in more favourable conditions of water supply, – the 
strongest decrease was typical for plants of the upper slope (CL0–1). 
This may be due to the negative effect of prolonged drought on photosyn-
thesis, and thus – on synthesis of sugars.  

a  b   

 c  d  

Fig. 2. Influence of forest growth conditions on the content of the following elements in Q. robur leaves: a – glucose, b – fructose, c – sucrose, d – starch; 
% per absolutely dry mass (x ± SE, n = 5); statistical analysis was performed by Tukey testing  

Quantitative changes in fructose in Q. robur leaves during the vegeta-
tion period are presented in Figure 2b. Comparison of concentration of this 
monosaccharide during the research months indicates that it was maxi-
mum in the leaves of plants of all researched variants in July, further on a 
decrease was observed with a minimum in September. It should be noted 
that changes in fructose levels in mesoxerophilic and xerophilic conditions 
during the vegetation period are smaller than in thalweg plants (hygrome-
sophilic conditions). In contrast to glucose, the fructose content of tree 
leaves growing in the middle (CL1) and upper (CL0–1) parts of the slope 
remains lower throughout the vegetation period compared to the condi-
tions of better water supply.  

The amount of reducing sugars in the leaves of Q. robur in hygrome-
sophilic forest growth conditions was the highest in July and August, and 
the indicators in these sampling periods do not differ statistically (Table 3). 
In mesoxerophilic and xerophilic conditions plant growth was the highest 

in August. In September concentration of reducing sugars dropped signifi-
cantly in the leaves of thalweg plants by 1.51 times, and in the middle and 
upper part of the slope the reduction was  by 2.54 and 3.42 times respec-
tively compared to the previous month. Since content of glucose in plant 
leaves is much higher than that of fructose, the dynamics of reducing 
sugars and the direction of their quantitative changes in plant leaves both 
in arid growth conditions and relatively wet hygromesophilic (CL2–3) 
conditions is determined mainly by glucose concentration.  

As can be seen from Table 3, in May and June the amount of reduc-
ing sugars in the leaves of plants under favourable conditions of soil mois-
ture was greater than under mesoxerophilic and xerophilic conditions 
(with the lowest level under the latter). With increasing drought in July 
and August, their concentration grew and became higher in arid forest 
growth conditions. However, in September, despite the drought and high 
temperatures, content of these sugars in the leaves was lower than under 
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conditions of better water supply. The amount of sucrose in the leaves of 
Q. robur trees growing in the thalweg was less than that of glucose during 
all months of research. This is not typical for plants that grow under lack 
of moisture in the soil. Under mesoxerophilic CL1 conditions in July–
August the content of sucrose was almost the same as that of glucose, and 
in xerophilic CL0–1 conditions it was higher (Fig. 2с). In the process of 
vegetation, content of disaccharide increased with the maximum in Au-
gust, and in September it dropped significantly. Such dynamics of quantit-
ative changes are typical for all researched variants.  

Table 3  
Influence of forest growth conditions on the content of reducing sugars  
in Q. robur leaves (% per absolutely dry mass, x ± SE, n = 5)  

Date Thalweg СL2–3 
Middle part  

of the slope СL1 
Upper part  

of the slope СL0–1 
25 May 1.41 ± 0.04a 1.17 ± 0.02b 1.02 ± 0.07b 
20 June 1.64 ± 0.09a 1.27 ± 0.03b 1.10 ± 0.04b 
21 Jule 2.67 ± 0.03a 3.07 ± 0.04b 3.43 ± 0.05c 
25 August 2.71 ± 0.06a 3.58 ± 0.05b 3.94 ± 0.10c 
20 September 1.79 ± 0.04a 1.40 ± 0.02b 1.26 ± 0.03b 
Note: the same as in Table 2.  

Comparison of sucrose concentration in the leaves of trees in various 
forest growth conditions shows that in the first two months of vegetation 
the difference between the variants is statistically unreliable, but later on it 
increases. Under mesoxerophilic conditions in July the amount of sucrose 
was much higher than under favourable water supply, and in August the 
difference became even greater. In the xerophilic conditions (CL0–1) dif-
ferences of indicators were even greater in comparison with thalweg 
plants (mesohygrophilic hygrotope). In September, the sucrose content in 
Q. robur leaves in all researched variants decreased significantly; this 
decrease was greater in drier forest conditions, which may be due to the 

inhibition of sucrose synthesis caused by long-term lack of moisture in the 
soil, as well as outflow into shoots.  

Figure 2d shows the dynamics of changes in the starch content in 
leaves of Q. robur growing in various forest growth conditions. Graphical-
ly, the curves of quantitative changes in polysaccharide in various re-
searched variants are similar; they are single-humped with a maximum in 
June. In July, a sharp decline in starch content in the leaves was observed: 
Under hygromesophilic conditions (CL2–3) this decline was 45.7%, in 
mesoxerophilic conditions (CL1) – it is 69.2% and in xerophilic conditions 
(CL0–1) starch content declined by 108.2%. That is, a larger deficit of 
moisture caused the most significant drop in the amount of polysaccha-
ride. At later stages its content in the leaves continued to decline and in 
September it reached the lowest values.  

Forest growth conditions significantly affect the amount of starch in 
leaves of Q. robur. The highest starch content was found in hygromeso-
philic forest growth conditions (CL2–3). At the beginning of vegetation in 
May, the difference in the size of these indicators in leaves of trees gro-
wing on the middle (СL1) and upper (СL0–1) part of the slope was statisti-
cally unreliable. In June and July difference between these two variants 
became significant. In the most unfavourable conditions of moisture 
supply the content of starch was the lowest. Thus, in July in leaves of 
plants in the middle part of the slope the starch content was 1.79 times less, 
and (and in the upper part of the slope it was 2.67 times less) compared to 
the trees in the thalweg. In August, these values were 1.78 and 2.38, and in 
September they were 1.55 and 2.21, respectively.  

During the vegetation period the ratio of sucrose content to the con-
tent of starch changed in leaves of all variants of Q. robur (Fig. 3a). It was 
especially high in July–August. The greatest values of this indicator are 
found in leaves of plants growing in xerophilic conditions It is typical that 
a similar pattern of changes is established for the ratio of glucose / starch 
(Fig. 3b).  

 

a  b  

Fig. 3. Sucrose to starch ratio (a) and glucose to starch ratio (b): x ± SE, n = 5; the same as in Figure 2  

Thus, forest growth conditions do not affect the nature of the dyna-
mics of soluble sugars and starch in the leaves of Q. robur, however, these 
conditions change their quantitative indicators.  
 
Discussion  
 

When plants are exposed to high temperatures and increasing water 
stress during the vegetation season in xerophilous and mesoxerophilous 
forest growth conditions, the concentration of both glucose and sucrose in 
the leaves of Q. robur becomes much higher compared to plants growing 
in conditions of more optimal water supply (Fig. 2a–d).  

It should be noted that in our research increase of sucrose content in 
leaves of Q. robur under conditions of soil and air drought is more signifi-
cant than increase of glucose level. Similar results were obtained for some 
other species of tree plants. In the work by Obraztsova (1973) it is indi-
cated that in hot dry weather in August sucrose content in the leaves of 
drought-resistant plants increases several times – in Acer campestre L. – 
3.56 times, in Gleditsia triacanthos L. – 3.52, in leaves of the non-
drought-resistant species of Salix alba L. the sucrose content does not 
actually change, and in Alnus glutinosa L. it even decreases compared to 
the previous month. Bessonova et al. (1976) note that disaccharide content 
in leaves of Robinia pseudoacacia L. in dry forest growth conditions is 
higher than in fresh moisturized conditions. With increasing water and 

temperature stress in the leaves of drought-resistant genotypes of apple 
trees, the sucrose content increases (Ulyanovskaya et al., 2010). It was also 
found that in the leaves of Q. robur in an alkaline oak grove the amount of 
this sugar is almost twice higher than in a sedge oak grove, which is due to 
poorer water supply under these conditions and the need to maintain os-
motic pressure in cells (Kaplina & Kulakova, 2015). All the above data 
confirm the role of sucrose in adaptation of tree plants to drought.  

According to our data, concentration of fructose in Q. robur leaves in 
drought conditions of growth (unlike glucose and sucrose) decreases com-
pared to more favourable conditions of moisture (Fig. 2b). Some resear-
chers observed the opposite pattern in a number of plants. Thus, in the 
leaves of more drought-resistant varieties of wheat in relation to less resis-
tant ones fructose content increases (Maevskaya et al., 2013). A similar 
pattern was obtained by Kameli & Lozei (1993). The inconsistency of our 
results with the given literature data can be explained by the species speci-
ficity of plant reaction to drought.  

When water stress grows the increase in concentration of glucose and 
sucrose in our research is correlated with reduction of starch content 
(Fig. 4, 5). Interconversion of glucose, sucrose and starch is an integral part 
of carbohydrate metabolism in both vegetative and reproductive organs 
(Kramer et al., 1983; Nazonha et al., 2018). Synthesis of sugar and starch 
are competitive processes. UDPGlucose is the substrate for the synthesis 
of the both substances. Thus, slowing down of starch synthesis leads to the 
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presence of free substrates for sucrose synthesis (Heldt, 2011). Hydrolysis 
of starch can also cause an increase in the amount of sucrose (Kursanov, 
1976) and hexoses (Lawlor & Cornis, 2019).  

Karimova (2008) proposes to use the ratio of starch and soluble su-
gars as a test to assess the degree of resistance of cotton plant species to 
soil drought. Sakalo (2009) indicates that increase in sugar/starch ratio 
may be an additional criterion in assessing the potential drought. As can be 
seen from Figure 3, the value of the sucrose/starch ratio in the leaves of 
Q. robur greatly increases in mesoxerophilic and xerophilic growing con-
ditions relative to hygromesophilic, especially in the variant with the lo-
west amount of water in the soil. This indicates that in extreme conditions 
of moisture supply Q. robur plants are characterized by adaptive changes 
in carbohydrate metabolism, which, along with other means of adaptation, 
can ensure implementation of relatively normal functioning in adverse 
hydrothermal conditions. We found that under conditions of hydrothermal 

stress an increase in glucose occurs in leaves of Q. robur, alongside an 
increase of sucrose (although the increase of glucose is expressed to a 
lesser extent). It is shown that glucose is an important component neces-
sary for the formation of resistance to abiotic stress, as far as a large num-
ber of stress response genes are induced namely by this molecule (Castril-
lo, 1992; Seki et al., 2002). And sucrose affects the work of the proton-
sugar importer involved in loading the phloem. The predominant partici-
pation in the regulation of growth processes is attributed to sucrose (Kiri-
ziy et al., 2015). It is in adverse hydrothermal vegetation conditions that 
these processes are very important for survival of plants. It is characteristic 
that the highest content of these sugars is observed in July and August, 
when the most stressful conditions for providing plants with water are 
formed due to a significant reduction of water in the soil (Table 2). As is 
shown, such conditions result the maximum water deficiency in leaves of 
Q. robur (Bessonova et al., 2016).  

a  b   

c  d   

e  

Fig. 4. Correlation between starch and glucose concentration (% per absolutely dry mass) by months depending on forest growth conditions:  
a – May; b – June; c – July; d – August; e – September  

In conditions of water deficiency, the protective role of these sugars in 
plant cells is that they play the role of osmolytes. Therefore, increased con-
centration of these soluble sugars contributes to water retention and main-
tenance of turgor (Rolland et al., 2006). They are also osmoprotectors 
preventing damage of cell membranes and inactivation of enzymes (Hare 
et al., 1998). It is known that water deficiency alters certain physiological 
and biochemical processes in cells, which leads to formation of active 
oxygen forms, causes oxidative stress (Blochina et al., 2003; Reddy et al., 
2004; Sudachkova et al., 2015). The action of these strong oxidants can be 
neutralized by metabolites involved in the process of controlling free 
radicals (Sudachkova et al., 2015). It has been established that sugars, 
along with other compounds, protect cells from free radical oxidation 
(Averyanov & Lapikova, 1989; Pharr, 1995; Couee et al., 2006; Kolupaev 
& Karpets, 2010). Therefore, given all these protective functions of sugars, 

increase in their level in leaves of Q. robur in conditions of significant lack 
of moisture in the soil (in mesoxerophilic and xerophilic forest growth 
conditions) plays an important role in adapting plants to these growing 
conditions, increasing their resistance to drought. However, with pro-
longed exposure to adverse hydrothermal conditions on plants there is a 
decrease in the content in leaves of both soluble sugars and starch (Sep-
tember) relative to hygromesophilic conditions (Fig. 1), which can be 
explained by a decrease in the adaptive potential of Q. robur at the end of 
the vegetation period as well as by outflow of sugars into shoots due to the 
beginning of the first phase of plant hardening after starch hydrolysis. 
However, in general, despite the fact that the growth of common oak 
decreases in arid conditions and indicators of water metabolism change 
(Bessonova et al., 2016), we can note a satisfactory adaptation of Q. robur 
to such adverse growth conditions.  
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a  b   

c  d   

e  

Fig. 5. Correlation between starch and sucrose concentration (% per absolutely dry mass) by months depending on forest growth conditions:  
a – May; b – June; c – July; d – August; e – September  

Conclusions  
 

In different soil moisture forest conditions (hygromesophilic, xerome-
sophilic and xerophilic) during the process of vegetation the dynamics of 
non-structural carbohydrates in leaves of Q. robur are similar. Soil and air 
drought (areas with hygrotope CL1–2, CL1) leads to changes in the quanti-
tative indicators of sugars and starch in leaves during the driest months 
(July and August). Under influence of increasing water stress during the 
process of vegetation concentration of sugars, both glucose and sucrose in 
leaves of Q. robur increases in all variants of the research, but the most 
significant increase is typical for mesoxerophilic and especially for xero-
philic conditions. Increase in the level of these soluble sugars in leaves of 
Q. robur under adverse moisture conditions correlates with a decrease in 
the level of starch. These metabolic changes can be considered as an adap-
tive response of plants to arid growing conditions.  

In September, despite drought and high temperatures, there was a 
drop in the content of all forms of non-structural carbohydrates in leaves of 
plants of all variants compared to the previous month. Decrease in the 
content of sugars and starch in the leaves in mesoxerophilic and xerophilic 
conditions during this period of vegetation in relation to these indicators in 
plants growing under normal water supply can be considered a decrease in 
the adaptive potential of plants under prolonged stress. In general, changes 
in carbohydrate metabolism in the leaves of Q. robur in the ravine forest in 
arid forest growth conditions are one of the mechanisms of adaptation of 
Q. robur to these conditions.  
The research was performed within the research project No. 0117U003964 “Com-
prehensive assessment of green areas of urban man-made territories of the Dnipro 
economic region”.  
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